The glucose concentration in arterial plasma has immediate effects on the optical properties of blood-bearing tissue due primarily to the alteration of refractive index mismatch between the scattering particles (red blood cells) and the medium (plasma). The influence of these effects on pulse oximetry is investigated using a numerical model based on Mie theory. The objective is to determine whether or not physiological fluctuations in blood glucose levels could sufficiently vary the optical properties to shift the calibration curve of a commercial pulse oximeter significantly.
INTRODUCTION
The effect of varying glucose concentration (c g ) in a phantom containing polystyrene microspheres has been studied previously 1 . In the microsphere suspension, the absorption coefficient of the host medium (water) was affected by the addition of the intrinsic glucose absorption coefficient (µ a w ) and the displacement of water. However, at the wavelengths chiefly of interest in this paper (commercial pulse oximeter wavelengths in the red/infrared), the absorption by water/glucose in plasma is significantly lower than that of haemoglobin (a factor of ~ 10
3 ), the main chromophore in blood in this region. It was found that glucose had a significant influence on the optical properties by altering the refractive index mismatch between the scattering particle and medium. More importantly, dissolving glucose in the suspension reduced the refractive index mismatch between the particle and medium thus reducing the scattering. This is a phenomenon that has already been exploited in optical clearing, where the addition of glucose has been used to achieve greater penetration by light into tissue 2 .
Pulse oximetry is a widely used technique but its accuracy and reliability are affected by physiological conditions different to those under which the instrument was calibrated. This empirical calibration involves in vivo measurements on a set of 'healthy' volunteers recording the red to infrared ratio from the device while simultaneously measuring SaO 2 with a 'gold-standard' instrument such as a co-oximeter. Under typical physiological conditions, c g can vary to double its minimum value (preprandial). An error of 1 % in the calibration curve resulting from this effect would be clinically significant, > 3 % would be serious. In this paper, the effect that variations of c g in arterial blood plasma has on pulse oximetry is investigated via Mie simulations and a numerical model based on photon diffusion theory.
THEORY
Mie theory is an exact solution to Maxwell's equations and has been found previously to provide an excellent description of the scattering properties of red blood cells (RBCs) 3 . This theory has been described in depth by Bohren and Huffman 4 and it is this formulation that the computer simulation is based on. The scattering coefficient is calculated from the scattering efficiency and the density of scatterers, ρ s . The absorption cross-section of an individual RBC is calculated knowing its absorption efficiency Q a (derived from Mie theory) and geometrical cross-section A (circle of radius equal to the average radius of a RBC, 2.76 µm):-
The bulk coefficient can then be computed knowing the density of absorbers.
Similarly, for scattering
where g is the anisotropy factor and Σ' s is the reduced scattering coefficient.
Based on an empirical relation used by Tuchin et al. 6 , the refractive index was varied according to the following: η PLASMA = η PLASMA * + 0.1515c g (7) where η PLASMA * is the average refractive index of the plasma 2 as shown in table 1.
Photon diffusion analysis was used to generate theoretical calibration curves based on the bulk optical properties of the medium in question (arterial blood in this case). This has been described in detail previously 7 and has been demonstrated to provide an excellent match to experimentally obtained data 8 . The following equations were used in the case of backscatter detection:
where,
for 2α n r >> 1 and the attenuation coefficient α,
where r is the source-detector separation, R and IR are the red and infrared wavelengths used respectively and Σ a n art is the bulk absorption coefficient for arterial blood at a specified wavelength n. In the transmission case, the coefficient K B is replaced by:
where d is the thickness of tissue separating the source and detector.
METHOD
A Matlab implementation was written based on code originally developed by Mätzler 9 that allows for calculation of a spectrum of optical properties from the input parameters (summarised in table 1). Absorption data for haemoglobin using data compiled by Prahl 10 were used. The model consists of a homogeneous suspension of scattering spheres (RBCs) in a non-absorbing medium (plasma). The spheres contain haemoglobin at a typical physiological concentration (~ 333 g l -1 per RBC, calculated by dividing the concentration of haemoglobin in whole blood [150 g l -1 ] by the number density of RBCs) and absorb light accordingly. The effect of glucose is considered via the implications of its refractive index. The major assumptions here are that the RBCs are spherical, haemoglobin is confined exclusively to the RBCs and glucose is confined exclusively to the plasma. The spherical RBC assumption (actually a biconcave disc) does result in over-estimation of g compared with experimental results but Σ s agrees quite well with theory 3 .
The approach used here is to utilise the numerical simulations in Mie theory to estimate the variation in the scattering coefficients of arterial blood at the wavelengths of interest. This variation is then applied to the photon diffusion model via the scattering properties of the arterial blood (Table 2) to investigate how much the calibration curve of a particular pulse oximeter might vary as c g is changed from its minimum to maximum value.
RESULTS
The bulk optical properties of the 'model' arterial blood in the 250 -1000 nm range for constant SaO 2 (typical physiological level of 95 %) are presented in figure 1 . The visible range is shown to highlight the effect of the strong absorption by the haemoglobin species on the scattering properties. Table 3 : Red-to-infrared ratios generated by photon diffusion theory for each wavelength pair in reflection and transmission mode. For the 660/940 nm pair in transmission mode, a more significant shift in the calibration curve arose. While the shift in the curve at higher SaO 2 values was small (less than 1 %), an error in the pulse oximeter readout of greater than 1 % was observed below 70 % SaO 2 over the extremes of c g .
CONCLUSIONS
A numerical model has been presented demonstrating the changes that occur in the bulk optical properties of arterial blood when c g is varied over typical physiological levels. The impact that this has for pulse oximetry calibration curves has been investigated using photon diffusion theory with regard to two systems using different wavelength pairs (675/790 nm and 660/940 nm).
The variations in the bulk optical properties were small, as can be seen from figures 2 and 3, and table 3, with Σ s and Σ s ' varying by 0.30 % and 0.57 % respectively. The change observed in g was negligible (< 0.01 %). When these results were applied to the photon diffusion model, the shift in the pulse oximeter calibration curve over typical physiological variations (maximum pre/postprandial) in c g , was clinically insignificant (< 1 %) for the reflection probe set-up using 675 nm and 790 nm as source wavelengths. However, for the transmission set-up common in commercial oximeters, the changes were more significant ( figure 3 (b) ) -variations > 1 % were observed. This is most likely because the 660/940 nm pair is more sensitive to changes in the scattering coefficients than the 675/790 pair due to the shape of the scattering spectrum -the wavelengths situated further apart have more contrasting values of Σ' s associated with them and that light at these values of λ will experience greater changes in optical pathlength travelled. Thus, the calibration curve is more likely to be shifted as the scattering properties of the medium change. This highlights the intrinsic connection between scattering and absorption -if a photon is scattered several times in a medium, the pathlength travelled by that photon increases and the likelihood that it will be absorbed at some point increases i.e., adjusting the scattering coefficient of a turbid medium will have effects on the amount of light absorbed in that medium. This was manifested by changes in the red-to-infrared ratio in this case.
